New findings obtained in our laboratory from the employment of various hydroxyapatites as heterogeneous catalysts and immobilization reagents of aqueous heavy metal cations are reviewed in the present article. Catalytic active cite on hydroxyapatite for the oxidation of alkanes and the possibility of the recycle-use of calcium hydroxyapatite for the removal-regeneration of aqueous heavy metal cations are suggested.
INTRODUCTION
In our laboratory, catalytic property of calcium hydroxyapatite [Ca 10 (PO 4 ) 6 (OH) 2 as a stoichiometric formula (atomic ratio of Ca/P=1.67); CaHAp] for partial oxidation of alkanes together with removal of aqueous heavy metal cations with the apatite has been studied. It is well known that CaHAp has unique structure and often display compositionally dependent behaviors, based on the general formula; Ca 10-x (HPO 4 ) x (PO 4 ) 6-x (OH) 2-x (0<x<1; 1.67>Ca/P> 1.50), particularly for the catalysis. The hexagonal apatite structure is constructed from columns of Ca and O atoms parallel to the hexagonal axis. Three of the oxygen atoms of a given phosphate tetrahedron are bound to one column while the fourth oxygen atom is attached to a neighboring column. One set of Ca 2+ ions is situated on threefold axis, coordinated with six oxygen atoms of different phosphate tetrahedral. Another set of Ca 2+ ions is found in cavities in the walls of channels between the Ca and O atoms. 1 Earlier studies of catalytic properties of CaHAp have focused on its acid-base properties, which were strongly influenced by x-value in CaHAp, particularly in the dehydration of alcohols. 2, 3 Furthermore it has been concluded that the aqueous divalent cations, which possesses ionic radii within the radus of Ca 2+ as well as higher electronegativity than that of Ca 2+ , can be easily removed by the apatite from the wastewater. 4 In the present article, recent development in our laboratory on the apatite-based catalysts for oxidative dehydrogenation of alkanes together with the removal of aqueous heavy metals with the apatite is reviewed.
MATERIALS AND METHODS
Calcium and strontium hydroxyapatites (CaHAp and SrHAp, respectively) were prepared from the corresponding nitrates and (NH 4 ) 2 HPO 4 . 5, 6 Barium hydroxyapatite (BaHAp) was prepared from Ba(OH) 2 and H 3 PO 4 . 7 A glass plate coated with CaHAp was prepared from the dip-coating technique based on the sol-gel method. 8 Cobalt cations were incorporated into SrHAp by stirring the solid and Co(NO 3 ) 2 . 6H 2 O in H 2 O at 293 K for a given duration. 9 Calcium hydroxyapatites partially substituted with VO 4 3-, Ca 10 (PO 4 ) 6-x (VO 4 ) x (OH) 2 with V/P=0, 0.025, 0.05, 0.10 and 0.15 (atomic ratio) were prepared from double precipitation of phosphate and vanadate anions through stoichiometric addition of ammoniac solutions of phosphate and vanadate to calcium nitrate under reflux conditions. 10 Those precipitates were dried at 353 K overnight and calcined at 773 K for 3 h. Particles of 0.85-1.70 mm were then used as the catalyst in a fixed-bed continuous-flow reactor operated at atmospheric pressure while fine powder of the apatite was employed for the removal of aqueous heavy metal cations.
In all catalytic experiments, the catalyst (0.5 g) was heated to the reaction temperature under a continuous flow of helium and was then held at this temperature under a 25 ml/min flow of oxygen for 1 h. No homogeneous oxidation of alkanes such as methane and propane was observed under the present conditions. The reaction was monitored using an on-line Shimadzu GC-8APT gas chromatograph. The conversion of alkane was calculated from the products and the alkane introduced into the feedstream. The selectivities were calculated from the conversion of 
ALKANE OXIODATION ON APATITES
As described above, the effects of atomic ratio of Ca/P in CaHAp on dehydration of alcohol were firstly focused by various researchers since acid-base nature in CaHAp was strongly influenced by the composition. 2, 3 However the last few decades have seen great interest in the catalytic conversion of alkanes, particularly methane and propane, in large part as a result of the desire to transform natural gas and liquefied petroleum gas to value-added products.
Much results have focused on two process, the oxidative dehydrogenation of methane and propane to ethylene and propylene, respectively, and the partial oxidation of those alkanes to O 2 -containing product but not to CO 2 . Since it was accepted that basic catalysts have advantageous for those conversions, alkaline earth oxide doped and un-doped with alkali metals and rare earth oxide, both of which are typical basic catalysts, are known to be one of the most active catalysts. 11, 12 Since CaHAp is analogous to acidic calcium phosphate (Ca 3 (PO 4 ) 2 ), it was certainly reasonable to admit that CaHAp was not active catalyst for the oxidation of those alkanes.
However the employment of CaHAp to the oxidative conversion of methane resulted in the unexpected results as shown in Fig. 1 . 13 In Fig. 1 , the reaction conditions were as follows: W = 0.5 g, F = 30 ml/min, T (reaction temperature) = 973 K, P(CH 4 ) (partial pressure of CH 4 ) = 28.7 kPa, and P(O 2 ) = 4.1 kPa; balance to the atmosphere was provided by helium. As expected, the conversion and the selectivity to C 2 compounds such as ethylene and ethane (C 2 selectivity) on basic CaO Similarly great activities for the oxidative coupling of methane to C 2 compounds and the partial oxidation of methane to carbon monoxide were observed on lead-modified hydroxyapatites [14] [15] [16] and strontium hydroxyapatites, 17 respectively.
The experiments with a small amount of CCl 4 (P(CCl 4 ) = 0.17 kPa) into the feedstream afforded important information on active site on CaHAp (Fig. 2 ). 5 As shown in Fig. 1 , the activity of CaHAp was rather stable in the absence of CCl 4 while a considerable decrease in the conversion was observed with time-on-stream where CCl 4 was added but an increase in conversion in space time (W/F) was evident ( Fig. 2 ). XRD patterns of CaHAp used in the presence of CCl 4 showed the conversion of CaHAp to calcium chlorapatite (Ca 10 (PO 4 ) 6 Cl 2 ) through ion-exchange of OH groups in CaHAp with Cl species produced from CCl 4 . 5, 18 Since high and low activities were observed on CaHAp and the corresponding chlorapatite, respectively, it may be reasonable that OH groups in CaHAp undoubtedly contributes to an activation of methane.
However it is rather strange that OH groups may directly contribute to hydrogen abstraction from alkanes. It has been reported that hydrogen in OH groups can be exchanged with deuterium in D 2 O and CH 3 OD. 19 Recently, the H-D exchange behavior of the OH groups with CH 3 OD was reconfirmed in our laboratory, 20, 21 indicating that oxygen species, suggested as an active site for the oxidation of alkanes on oxide catalysts, 22 may be formed during the exchange. If the rate of the H-D exchange of OH groups in hydroxyapatite is correlated with the activity for the oxidation of alkane on the corresponding hydroxyapatite, it may be reasonable to conclude that such an oxygen species formed during the H-D exchange is the active site for the oxidation of alkanes. In order to examine those suggestions, the oxidation of propane on strontium hydroxyapatite (SrHAp) and SrHAp incorporated with Co 2+ (CoxxSrHAp, with xx equal to 10 3 Co/Sr (atomic ratio)) ( With increasing incorporation of Co 2+ , the conversion of propane, the selectivity to propylene and the reaction rate per unit of the surface area increased as shown in Table 1 , in which reaction conditions were as follows: W = 0.5 g, F = 30 ml/min, T = 723 K, P(C 3 H 8 ) = 14.5 kPa, and P(O 2 ) = 4.1 kPa; balance to the atmosphere was provided by helium and data were corrected at 0.75 h on-stream. Table  1 shows that there is a definite improvement of the activity when Co 2+ is added into SrHAp. It should be noted that Co 2+ was certainly exchanged with Sr 2+ in SrHAp since 31 P MAS NMR signal was shifted to higher magnetic filed with increasing Co 2+ -content (3.35, 2.40 and 2.18 ppm from SrHAp, Co36SrHAp and Co55SrHAp, respectively) and the intensity of the side band was greater with increasing Co 2+ -content in the catalysts. 9 Figs. 3 and 4 , respectively). 9 Two signals were detected from those three samples treated with He, one broad signal at lower magnetic field between approximately 5.0 and 8.0 ppm due to adsorbed H 2 O and the other sharp one at higher magnetic field between approximately -1.0 and 0.4 ppm due to OH - (Fig. 3 ). 23 Those assignments were further supported by other researchers. 24, 25 When those samples were treated with D 2 O, great changes particularly to the signal at the higher magnetic field were observed (Fig. 4 ).
As shown in Fig. 4 , H-D exchange of those catalysts with D 2 O resulted in a decrease of intensity of a peak at a higher magnetic field. It should be noted that the intensity of the peak decreased with increasing Co 2+ -content in the catalysts, indicating that the introduction of Co 2+ in the catalysts resulted in an enhancement of H-D exchange. Since the rate of the H-D exchange of OH groups in hydroxyapatite is correlated with the activity for the oxidation of alkane on the corresponding hydroxyapatite, it can be concluded that oxygen species converted from OH groups in the hydroxyapatites directly contributes to the activation of alkanes.
It is generally accepted that magnesium vanadates are one of the most active catalysts for the oxidative dehydrogenation of propane. It has been shown that the activity may be related to the ease of removal of lattice oxygen from vanadate groups (VOx). [26] [27] [28] Therefore the combination of OH groups and VOx species, both of which are active catalytic sites in the hydroxyapatites and magnesium vanadates, respectively, may afford additional active catalysts for the oxidative dehydrogenation of propane. Therefore five kinds of CaHAp substituted with vanadate (Ca 10 (PO 4 ) 6-x (VO 4 ) x (OH) 2 ), in which the V/P atomic ratio were 0, 2.5, 5.0, 10 and 15 %, were prepared to be supplied for the oxidative dehydrogenation of propane. 29 Figure 5 shows plots of the conversion of propane and the selectivity to propylene (○), CO (▲) and CO 2 (△) against the V/P atomic ratio in five catalysts prepared. The reaction conditions were same as that employed in obtaining the results shown in Table 1 . With increasing V/P atomic ratio, the conversion increased and reached a maximum at V/P=0.10. The conversion of propane and the selectivity to propylene on un-doped CaHAp were 5.9 and 1.4 %, respectively. For the catalyst with V/P=0.10, the conversion of C 3 H 8 and the selectivity to C 3 H 6 were 16.5 and 54.2 %, respectively, and thus the selectivity to C 3 H 6 increased to >50 % by the addition of vanadate into CaHAp. Under those conditions, the most active magnesium pyro-vanadate (Mg 2 V 2 O 7 ) afforded a high C 3 H 8 conversion of 14 % and C 3 H 6 selectivity of 50.9 %. 26 Therefore the addition of vanadate into CaHAp certainly resulted in greater activity than that observed for magnesium pyro-vanadate.
In order to evaluate the mobility of lattice oxygen in vanadate incorporated into CaHAp, the catalysts with V/P=0.15 previously treated with various conditions were analyzed by 51 V MAS NMR. If the lattice oxygen in the vanadate is abstracted, vanadium should be reduced from +5 to +4. The employment of solid state 51 V MAS NMR is suitable for the observation of the reduction of vanadium since vanadium +5 can be detected by NMR while vanadium +4 cannot be detected. Table 1 but with oxygen and without oxygen, respectively. From the fresh catalyst, evident NMR signals due to vanadium can be detected at -90.0 and -580.3 ppm ( Fig. 6 (A) ). Those two signals were also observed from the catalyst used for propane conversion with gaseous oxygen (Fig. 6 (B) ).
However weak intensity of the latter NMR signal was observed from the catalyst used in propane conversion without gaseous oxygen ( Fig. 6 (C) ), indicating that the reduction of V 5+ to V 4+ certainly proceeds. Furthermore, re-oxidation at 723 K for 1 h with O 2 (25 ml/min) of the sample used to obtain the results shown in Fig. 6 (C) resulted in the regeneration of the latter NMR signal as shown in Fig. 6 (D) . Therefore this confirms the reduction of vanadium species following to the abstraction of lattice oxygen together with the ease incorporation of gaseous O 2 into the vacancy formed from the abstraction of the lattice oxygen during the reduction even in the apatite structure.
REMOVAL OF HEAVY METAL WITH APATITES
The removal of aqueous heavy metal cations with CaHAp is of considerable interest in a variety of areas. Earlier works have established valuable information on the removal character of calcium hydroxyapatite (CaHAp), 4, 30, 31 while more recent works have recognized the importance of CaHAp in environmentally related separation. 32, 33 As shown in the introduction in the present article, it has been generally accepted that ion radius and electronegativity of divalent alkaline earth metal cation in the hydroxyapatite are strongly influenced to the removal character of the hydroxyapatites. Therefore the removal property of strontium and barium hydroxyapatites (SrHAp 6,34 and BaHAp, 35, 36 respectively) was compared to that with CaHAp. 37, 38 The removal rates of various aqueous divalent cations (5 mmol/l, 100 ml) after 5 h with CaHAp, SrHAp and BaHAp at 293 K were summarized in Table 2 . The removal rate in the table was described as atomic ratio in the hydroxyapatites employed for the removal. The removal rate of BaHAp was rather equivalent to that of CaHAp and apparently less than that of SrHAp. It should be noted that the removal of Pb 2+ favorably proceeded with CaHAp and SrHAp while Cu 2+ was favorable removed with BaHAp.
Although various removal mechanisms with hydroxyapatite have been suggested, the following dissolution-precipitation mechanism proposed to the removal of aqueous Pb 2+ with CaHAp is employed in Since it may be reasonable that the dissolution of CaHAp proceeds from the surface of the hydroxyapatite, a major part of the hydroxyapatite in the bulk phase cannot be efficiently used for the removal. If thin-layer hydroxyapatite can be coated over a flat plate to be employed for the removal of aqueous heavy metal cations, the hydroxyapatite can be used more efficiently. As one of the preparation procedures for thin-layer materials, the dip-coating technique based on the sol-gel method has been suggested and some procedures of the preparation of CaHAp by the sol-gel method have been also reported from our laboratory. 39, 40 Therefore a glass plate coated by CaHAp (CaHAp-film) was employed for the removal of aqueous Cd 2+ . 8 Two kinds of CaHAp-film (76 x 13 x 1 mm glass plate) with CaHAp-thickness 1.81 and 3.47 µm were employed for the removal of Cd 2+ (200 ml) ( Fig. 7) . 8 At 89.0 µmol/200 ml of the initial concentration of Cd 2+ , removal amount of Cd 2+ with CaHAp-film with thickness 3.47 µm was approximately twice than that with CaHAp-film with thickness 1.81 µm, indicating that the removal amount is proportional to the thickness of the CaHAp-film. It should be noted that the dissolution-precipitation mechanism for the removal of Cd 2+ with CaHAp-film was supported by XPS analysis (Fig. 8) .
As shown in Fig. 8 , Cd species was evidently detected on the surface of the CaHAp-film previously employed for the removal of Cd 2+ while rather negligible signal was detected after argon-ion etching at 2 kV for 1 min with a sputtering rate estimated as approximately 2 nm/min for SiO 2 , indicating that the removal of Cd 2+ proceeds over the surface of CaHAp-film through the dissolution-precipitation mechanism.
In the practical point of view, continuous removal-regeneration of aqueous heavy metal cations with the film of the hydroxyapatite should be developed. In order to regenerate Cd 2+ immobilized on CaHAp-film, the dissolution of Cd 2+ immobilized over the film in acidic solution may be possible. Therefore, after Cd 2+ was removed with CaHAp-film with thickness 3.47 µm, the film immobilized with Cd 2+ was immersed into HNO 3 solution (50 ml) at pH 4.7 and 3.0 (• and ○, respectively, Fig. 9 ). 8 The dissolution of Cd 2+ together with Ca 2+ was not observed at pH 4.7 as shown with closed circles in Fig. 9 while certain amount of Cd 2+ CaHAp-film for the removal-regeneration system, the dissolution of Ca 2+ should be avoided. Fortunately the employment of acidic solution dissolved with Ca(NO 3 ) 2 (623 µmol/50 ml; 500 ppm) at pH 4.7 resulted in the dissolution of Cd 2+ together with the re-immobilization of Ca 2+ (□ in Fig. 9 ). Therefore CaHAp-film can be employed for the continuous removal-regeneration of aqueous Cd 2+ . Indeed, as shown in Fig. 10, 8 in which the removal of aqueous Cd 2+ with CaHAp-film with thickness 3.47 µm for 20 h followed by the dissolution of Cd 2+ with the Ca(NO 3 ) 2 solution at pH 4.7 was repeated twice, the continuous removal-regeneration of Cd 2+ with CaHAp-film was possible. It should be noted that Cd 2+ immobilized on CaHAp-film was dissolved into Ca(NO 3 ) 2 solution at pH 4.7 by 2.41 and 2.13 µmol from first and second dissolution, respectively.
Since CaHAp removes aqueous heavy metal cations with the dissolution-precipitation mechanism, it has been accepted that the employment of CaHAp for the continuous removal-regeneration of heavy metals is not suitable. However the present results reveal that CaHAp can be employed for the continuous removal-regeneration process.
